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ABSTRACT

Thin MoS2 coatings were prepared on steel and Si substrates via ion-beam assisted

deposition using conditions known to produce dense, basal oriented microstructures. After

deposition, the coated substrates were irradiated with 180 keV Ar++ ions at doses of 1x1015,

1x1016, and 5x1016 ions/cm2. Microstructures of as-deposited and ion irradiated MoS2 coatings

were examined using x-ray diffraction, high resolution transmission electron microscopy, and

micro-Raman spectroscopy. Friction, wear and endurance were examined under both

unidirectional and reciprocating sliding conditions in dry air. The lowest ion irradiation dose

altered the initial microstructure, producing basal oriented, nearly defect-free crystalline domains

of MoS2 in an amorphous matrix; at the highest dose the coatings were nearly amorphous, but the

remaining MoS2 showed mixed orientation. Ion irradiation of the MoS2 coatings did not

significantly modify the friction behavior, and only at the highest dose was the endurance altered,

decreasing by more than 75%. Two changes in wear behavior were observed in the highest dosed

coatings: 1) accelerated wear of the coating and 2) elimination of solid lubricant reservoirs.

Destruction of the solid lubricant replenishment process resulted in premature failure of the

highest dosed coating.
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INTRODUCTION

Microstructure is reported to be a controlling factor in the friction and endurance of MoS2

coatings. [1-6]. So, it is not surprising that ion irradiation, which can dramatically alter the

microstructure of MoS2, can also affect its tribological properties. Irradiation of sputter deposited

coatings having porous, low density, edge oriented columnar plate morphology and low film-

substrate adhesion invariably results in improved coating endurance [7-18]; similar experiments

have been described for WS2 [19]. However, careful studies by Mikkelsen and Sørensen [20] have

demonstrated that while ion irradiation both densified and increased the endurance of poor

(porous, edge-oriented) MoS2 coatings, the same treatment applied to better performing sputtered

coatings (with dense, nearly amorphous microstructures) resulted in decreased endurance at high

dosages. Furthermore, they showed that ion irradiation brought all coatings, both high and low

quality, to nearly the same density and endurance.

Fully dense MoS2 coatings can also be produced by using energetic beams during sputter

deposition. Singer and co-workers used 1 keV Ar+ ion-beam assisted deposition (IBAD) to

produce dense MoS2 coatings that also have basal textured microstructures [21-23]. These

coatings show better endurance than many sputtered coatings [24]. Wear studies have shown that

the IBAD MoS2 coatings wear in three stages [25, 26]. In Stage I the coatings initially resist

wear. Rapid wear takes place in Stage II, often within the first 10% of sliding life and results in

loss of 50% or more of the initial coating thickness. Such early wear is similar to that of other

MoS2 coatings in both sliding [4, 5, 27-29] and rolling contact [30]. In Stage III, the net wear of

the coating is low, due to resupply of MoS2 to the contact via lubricant reservoir dynamics.

The purpose of this study is to examine the effects of ion irradiation on the microstructure

and tribological behavior of dense, adherent, basal oriented IBAD MoS2 coatings. Can these

coatings be improved by ion irradiation, or will their performance be degraded as were the better

performing sputtered coatings of Mikkelsen and Sørensen [20]? An IBAD MoS2 coating was-

deposited on several substrates simultaneously and modified by ion irradiation using the same

conditions Mikkelsen and Sørensen [20] found to alter coating microstructure from crystalline to

amorphous. The resulting microstructural and tribological changes were examined via optical
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microscopy, Raman spectroscopy, high resolution transmission electron microscopy (HRTEM)

and x-ray diffraction (XRD). Both unidirectional and reciprocating sliding tests were performed to

evaluate friction and wear behavior. The effects of irradiation on microstructure and tribological

performance are correlated and discussed in terms of wear resistance and lubricant reservoir

dynamics.

EXPERIMENTAL

IBAD MoS2 coatings were simultaneously deposited over a TiN interlayer onto 9 polished

substrates: three 52100 steel, three M50 steel and three Si. Deposition conditions were chosen to

produce dense, basally oriented coatings (substrate temperature 200°C, ion-to-atom ratio 0.046)

[22] while the TiN layer served as a diffusion barrier during elevated temperature deposition [31].

After deposition, coated steel and Si substrates were irradiated at room temperature with 180 keV

Ar++ ions (equivalent to 360 keV Ar+ ions) at doses of 1 x 1015 and 1 x 1016 ions/cm2; coated

samples from each of the different substrates were kept in the as-deposited condition to serve as

references. Later, the samples irradiated to 1 x 1015 ions/cm2 were implanted a second time to

achieve a final dose of 5 x 1016 ions/cm2. The irradiated coatings will be referred to as low dose

(LD), high dose (HD) and ultra-high dose (UHD), respectively.

Ar ion implantation profiles were computed using Profile Code (Implant Sciences, Ver.

3.2) [32]. Implant concentration and range distributions for four doses of 360 keV Ar+ into a 185

nm MoS2 layer on Si are shown in Fig. 1. The majority of Ar ions passed through the MoS2 layer,

with the peak concentration found in the Si at a range of about 300 nm. In MoS2, the maximum

concentration of Ar was found at the MoS2/Si interface. At the highest dose used in the present

experiment, 5 x 1016 ions/cm2, the Ar concentration at the interface was about 7 x 1020 atoms/cm3,

or 2 at. %. In addition, calculations predicted a sputtering rate of 0.59 nm per 1 x 1015 Ar ions,

which would result in about 30 nm of MoS2 removed at the highest dose. Damage profiles for this

implantation treatment were computed with TRIM (Version 96.5) [33]. The maximum damage

density occurred at the MoS2/Si interface, where about 0.14 atomic displacements/ion/nm took

place. MoS2 received a higher damage density than Si only because it has a greater atomic density

than Si.
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As-deposited and ion irradiated coatings were examined using XRD, Raman spectroscopy

and HRTEM techniques. XRD was performed in standard θ/2θ configuration with Cu Kα

radiation. Raman spectra were obtained on a Renishaw imaging microscope at low power (less

than 25 mW) with an Ar+ ion laser with a wavelength of 514 nm and 1 cm-1 spectrometer

resolution. Cross-section TEM samples were made from the Si coated substrates via standard

techniques [34] and examined using a Hitachi H-9000 at 300 keV operated in imaging and

selected area electron diffraction (SAED) modes; images were taken with the aperture

encompassing the transmitted beam and (002) reflections.

Friction and wear behavior was evaluated in both unidirectional and reciprocating sliding

tests. Sliding endurance and friction behavior for the coatings deposited on steel substrates were

measured under unidirectional sliding conditions with a pin-on-disk (POD) tribometer. 52100

steel balls (3.18 mm diameter) were solvent cleaned and loaded against the specimens to 9.8 N,

resulting in a mean Hertzian stress of PH = 1.4 GPa (maximum PH = 2.1 GPa). Tests were

performed in dry air at sliding speeds of 0.2 to 0.6 m/s. Coating endurance was defined as the

number of revolutions before the friction coefficient reached 0.2. At least 3 endurance tests were

performed for each coating. Additional sliding experiments were performed using a reciprocating

ball-on-flat tribometer with 6.35 mm diameter 52100 steel balls and initial load of 9.8 N (mean PH

= 0.92 GPa, max PH = 1.4 GPa). Sliding speed was 4 mm/s and track lengths 3-5 mm; endurance

was defined as the number of reciprocating cycles before an average friction coefficient of 0.2 was

reached, as in the POD tests. Between 1 and 3 reciprocating endurance tests were run for the as

deposited, HD and UHD coatings. Reciprocating sliding tests up to 30000 cycles were performed

using what we call the “stripe” testing methodology, described previously [25] and shown

schematically in Fig. 2. Briefly, each track was run a length of 5 mm for the first n =

{1,3,10,30,100,…} cycles, and then the stroke length was shortened to 3 mm for an additional 2n

cycles; a new ball was used for each track. The result of using this test configuration is that 1)

each track contains three turnaround points (instead of the normal two in a reciprocating track,

with the extra turnaround point in the middle), and 2) multiple wear tracks run to the same

number of sliding cycles are obtained with minimal number of tests and coating area needed.



5

Coating wear tracks and transfer films on balls were examined optically with a Nomarski

microscope. Coating thickness and wear track depths were measured to within 10 nm using

Michelson interferometry (MI).

RESULTS

Structural Analyses of Coatings

The as-deposited, LD and HD coating thicknesses, measured by MI, were all roughly 200

nm, while the UHD coating was 180 nm thick. We attribute the 20 nm reduction in thickness to

sputtering losses (roughly that predicted by Profile Code calculations) rather than coating

compaction, because the as-deposited IBAD MoS2 coatings are fully dense [35].

Raman spectra of three coatings (as-deposited, LD and UHD) are shown in Fig. 3a. All

spectra exhibited Raman bands similar to those for molybdenite [36], but intensity of the bands

decreased in the ion irradiated coatings.

Figure 3b shows XRD spectra of as-deposited and ion irradiated coatings. The as-

deposited coating had two peaks: a broad peak at 13.52° and a low 2θ peak at 11.02°. Both

peaks have been observed previously in IBAD MoS2 [22]. The LD and HD ion irradiated coatings

exhibited only a narrower (002) peak at 14.25°, with reduced intensity as dosage was increased.

The UHD coating spectra showed no crystalline MoS2 peaks at all. The peak at 13.52° in the as-

deposited coating is identified as the (002) peak of MoS2, and yields d-spacings similar to those

reported for other sputtered MoS2 films. Recently, Dunn et al. [34] have attributed the low 2θ

peak in the as-deposited coating to widely spaced MoS2 basal planes resulting from defects in the

coating crystal structure. These defects were removed in the ion irradiated coatings, sharpening

and shifting the (002) peak towards that of crystalline MoS2.

Figure 4 is a montage of multi-beam images from cross-sectional TEM of as-deposited,

LD, and UHD coatings. Figures 4a and 4b are taken with the objective aperture encompassing the

transmitted  beam and (002) reflections, while Fig. 4c is taken without an objective aperture.

SAED patterns inset in each image were taken from the same area as each image.

The as-deposited coating (Fig. 4a) shows basal-oriented, nanocrystalline domains of

MoS2, with numerous forked and terminated plane defects [23, 34]. The horizontal fringes
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observed in the images correspond to individual S-Mo-S layers and are due to interference

between (002) reflections. The SAED pattern inset in Fig. 4a consists of two sets of arcs. The

larger, diffuse arcs correspond to (002) reflections, and the smaller, inner arcs are due to

expanded basal plane spacing arising from fork and termination defects [34].

The TEM image of the LD coating (Fig. 4b) shows small domains of basal oriented

crystallites embedded in an amorphous matrix. Remaining crystalline regions show fewer fork and

termination defects. SAED of the LD film shows only well defined (002) reflections. In

comparison with (002) reflections in Fig. 4a, these reflections are sharper and shifted outward in

reciprocal space. This implies that the (002) spacing of the crystalline regions has contracted and

that these regions have far fewer defects than in the as-deposited coating. In addition, the inner

reflection seen in the SAED pattern in Fig. 4a has vanished, consistent with XRD spectra in Fig. 3

and previous results [34].

At the highest implantation dose (UHD, Fig. 4c), the coating still contained crystalline

regions. Basal planes were oriented in many directions, and (100) fringes were also observed at

several orientations. Circular areas of amorphous material can also be seen by their light contrast.

Moreover, basal planes appeared at the circumference of several of the circles. The SAED pattern

shows a strong, diffuse background with weak, diffuse spots near the transmitted beam. These

spots are due to remaining crystalline regions and can be indexed as (002) reflections. The

combination of a strong diffuse background and weak, low intensity (002) reflections implies that

the UHD coating is mostly amorphous with a few small remnant crystalline regions. Additionally,

the positions of the (002) reflections indicate that many of the basal planes are no longer oriented

parallel to the substrate.

Friction, wear, and endurance

Results of unidirectional (POD) and reciprocating sliding experiments are shown in Fig. 5;

error bars are standard deviations calculated from at least 3 POD tests and 2 reciprocating tests

(only one reciprocating endurance test was performed for the UHD coating). For both types of

tests, only the UHD coating showed a large drop (by more than 75%) in endurance. POD
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endurance of the HD coating was slightly higher than both the as-deposited and LD coatings.

However, this trend was not reproduced in reciprocating tests.

Unlike sliding endurance, steady state friction coefficients of the various coatings were not

affected by ion irradiation. Steady state friction coefficients for POD tests were about 0.02.

Friction coefficients for reciprocating tests fell to between 0.02 and 0.04 for all coatings tested by

100 cycles; however, subtle differences in run-in behavior were observed. Friction coefficients

from reciprocating sliding are plotted in Fig. 6. After irradiation, the first cycle friction was higher

for both the HD and UHD coatings. Also, there was more variability during the first 10 cycles for

the HD coating. However, the friction evolution for each of the implantation treatments was

similar, indicating good reproducibility of the stripe test method.

Wear depths of tracks from reciprocating sliding tests of the as-deposited (n), HD (s),

and UHD (l) coatings are shown in Fig. 7. Data points represent maximum wear track depth, but

do not include depths of narrow (~5 µm or less) scratches. The as-deposited coating showed no

measurable wear up to 100 cycles (what we have previously identified as Stage I [25]). By 1000

cycles (Stage II wear) ~100 nm of coating had been worn away, and by 20000 cycles wear track

depths were the full thickness of the coating. The HD coating had similar wear behavior to the as-

deposited coating, although the onset of measurable wear was not observed until 300 cycles and

the wear depths thereafter were generally lower (~60nm). In contrast, the UHD coating wore

much more rapidly: measurable wear occurred by 10 cycles, up to 100 nm of wear by 30 cycles,

and failure by ~3700 cycles. Failure of the UHD coating resulted from a deep, narrow scratch

through the coating to the steel substrate; only 130 nm of wear had occurred over the bulk of the

wear track width.

Representative optical micrographs of ball transfer films after 90 cycles of reciprocating

sliding are shown in Fig. 8. Much more coating material had been transferred to the ball after

sliding against the UHD coating than either the as-deposited or HD coatings. Figure 9 shows a

portion of the central regions of the corresponding wear tracks at 90 cycles and also at 900

cycles. The as-deposited and HD coatings showed similar morphologies: at 90 cycles, only a few

scratches and light burnishing were observed, and by 900 cycles both showed scratches and debris

lumps. Morphological changes for the as-deposited and HD wear tracks and transfer films were
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comparable at all sliding cycles examined between 30 and 9000 cycles. In contrast, the UHD track

showed many scratches after as few as 10 cycles (not shown), and was heavily scratched by 90

cycles (Fig. 9).

Figure 10 shows end portions of the reciprocating wear tracks for the three coatings after

30, 300 and 3000 cycles. Wear scars and debris buildup for the as-deposited and HD coatings

(10a and b) were consistent with previous experiments under identical sliding conditions [25];

debris accumulated as patches and at track ends under the turnaround points (see regions labeled

in Fig. 2), as well as on the track during the period of high wear between ~100-300 and ~1000-

3000 cycles. The only noticeable difference between the as-deposited and HD wear track

morphology was a slightly “smoother” appearance of the HD track surfaces. The UHD tracks,

unlike those of the as-deposited and HD coatings, showed no accumulation of retransferred wear

debris on the track surface or under the turnaround points at track ends (Fig. 10c). Fine, loose

debris was observed beyond the ends of the UHD tracks; no similar debris was observed for the

as-deposited or HD coatings.

In summary, the data indicate a large decrease in endurance and a reduction in wear

resistance for UHD coatings, with a slight increase in endurance and wear resistance for HD

coatings.

DISCUSSION

Ion irradiation changed the microstructure of IBAD MoS2 in ways both expected and

unexpected. Since the IBAD coatings were fully compact in the as-deposited condition, it was not

surprising that ion irradiation did not substantially decrease the thickness of the coatings. Only the

UHD coating showed a decrease in thickness, from 200 to 180 nm; this decrease can be fully

accounted for by sputtering. TEM showed that irradiation at the lowest doses amorphized regions

of the coating but also produced domains of basal oriented MoS2 with fewer defects than the as-

deposited coating. While we are not certain of the explanation for this particular transformation,

we speculate that the areas with high defect concentrations were amorphized first as they are

more stressed than defect free areas, where atoms are in low energy (equilibrium) sites. XRD

suggested that higher doses reduced the coating to an amorphous matrix. However, TEM showed
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that at the highest dose, the coating contained not only amorphous material, but also mixed-

oriented MoS2 crystallites (with very short-range order). The circles of amorphous material and

the reorientation of crystallites can be attributed to the high stress levels imparted by the high dose

irradiation [37]. Mikkelsen and Sørensen found that doses equivalent to the HD used in this study

fully amorphized their MoS2 coatings [20]. Those coatings, however, produced by rf-sputtering in

a conventional moderate vacuum system, had from 6-25 at.% O contamination. The higher

stability of the IBAD MoS2 to irradiation could be due to their lower contamination levels

(typically 1-3 at.%) [35].

Despite the reduction of crystallinity in the coatings, friction coefficients of irradiated

coatings achieved the same ultralow value (0.02) as as-deposited coatings. This is consistent with

previous studies showing that even fully amorphized MoSx coatings retained their low friction

properties [10, 12]. This is not surprising, as amorphous MoSx [3, 38] as well as amorphous

MoSx containing PbO [39] or Pb [40-42] have been shown to recrystallize to form MoS2 under

sliding stresses. While it had been reported earlier that amorphization of MoS2 increased friction

[2, 28], those results have been explained by contamination effects [2, 11].

Although ion irradiation did not significantly alter friction coefficients of IBAD MoS2

coatings, endurance was reduced by 75% or more, but only at the highest dosage. While

endurance of poor quality coatings (e.g. porous, non-adherent, or edge-oriented) may be

improved through structural changes induced by ion irradiation (densification and/or

microstructural transformation), better coatings may not. Experiments by Mikkelsen and Sørensen

[11] imply that the benefits of high ion irradiation doses are only realized for the poorest quality

films. In their study, as irradiation doses were increased beyond a crystalline-to-amorphous

transition region, sliding endurance for all films approached the same limit: endurance of better

performing coatings decreased while endurance of the poorest coating increased. Our results are

consistent with their observations; specifically, dense, adherent IBAD MoS2 coatings remain

dense and adherent after irradiation.

What was responsible for the decreased endurance of the UHD coating? Reciprocating

sliding tests revealed that decreased endurance was accompanied by both decreased wear

resistance and elimination of transfer buildup (including end patches) on tracks. We do not
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attribute the reduced endurance to earlier wear of the coating, nor to the slight decrease in

available lubricant, i.e. the 10% decrease in coating thickness. All the MoS2 coatings (as-

deposited and irradiated) wore rapidly early in sliding life (most wear occurred between 30 to

1000 cycles); however, only the UHD coating did not sustain low friction sliding far beyond the

high wear stage. Amorphization of the UHD coating cannot fully account for this reduction in

endurance, either. Much of the amorphization took place at relatively low irradiation doses (LD

and HD), where no decrease in endurance was observed. In addition, previous studies on IBAD

MoS2 coatings, produced under various deposition conditions, have shown that endurance of

amorphous or nearly amorphous coatings could be nearly as good as basal oriented coatings [6].

The reduced endurance of the UHD coating can be accounted for by a change in the

lubricant replenishment process as evidenced by the elimination of transfer buildup on tracks. On

the tracks at the turnaround regions, end patches were seen on the as-deposited and LD tracks;

the end patches are formed when debris is lost from the ball transfer film when the sliding

direction is reversed. Previously, we identified debris patches at track turnaround points and

transfer films on balls as lubricant reservoirs [25]. Specifically, we found that through these

lubricant reservoirs, low friction sliding was sustained despite rapid, early wear of MoS2 (>50% of

the coating worn through in the first 5-10% of sliding life). These lubricant reservoir end patches

are absent in the UHD tracks, despite copious amounts of MoS2 debris transferred to the ball.

Without the reservoirs and replenishment process, the limited amount of lubricant available to

resupply the contact was not sufficient to sustain low friction sliding for long once the coating had

worn. Debris patch reservoirs (and not transfer films on the ball) are necessary for the

replenishment process to enhance the endurance of MoS2 coatings.

It is likely that the microstructure of the UHD coating was responsible for the absence of

end patches retransferred to the track and loss of the replenishment process. Perhaps the ball

transfer film formed from the UHD coating adhered to the ball more firmly than transfer films

formed from the as-deposited and HD coatings, making it less likely that the ball transfer debris

would fall off at the ends of the track when sliding is reversed. While debris extruded beyond the

contact zone could fall off the ball, these particles would be ejected beyond the track and could

not be reused to relubricate the track. The enhanced adherence of UHD coating material could be
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due to the presence of edge-oriented crystallites in the coating. Edge sites of MoS2 are known to

be more reactive than basal planes [43] and would bond (and transfer) to the steel ball more

readily than basal-oriented crystallites. At the present time, we have not identified the chemistry

associated with this hypothesized enhanced adhesion to the ball, although oxidation of these

exposed edge sites may increase adhesion of coating material to the sliding counterface [44].

The presence of edge-oriented MoS2 crystallites in the UHD coating not only appears to

eliminate the replenishment process and degrade the endurance, but may also contribute to the

reduction in wear resistance we observed. Coatings whose worn surfaces expose reactive edge

sites may be removed more readily (again, due to adhesion to the counterface) than those

exposing only relatively inert basal planes. In our study, accelerated wear and copious debris on

the ball counterfaces of the UHD coating are consistent with this model. Alternatively, it is also

possible that the mechanical properties of the MoS2 coating have been altered substantially at the

highest irradiation dose. For example, ion irradiation is known to reduce hardness and modulus of

ceramics as they are amorphized [45-47]. However, we don’t believe that simply amorphization

of the MoS2 coatings is likely to reduce their wear resistance. Our amorphous, Pb-doped Mo-S

coatings [40-42] showed remarkable wear resistance (as little as 40 nm wear in 30000

reciprocating sliding cycles); suggesting that amorphization alone does not control wear of these

coatings.

Finally, the slight increase in endurance (POD only) and wear resistance of the HD

coatings was intriguing. Small (1.3x to 1.9x) increases in endurance [20] and resistance to wear

initiation [12] were observed in the experiments by Mikkelsen and Sørensen. They speculated that

the endurance increases were due to enhanced film-substrate adhesion as microstructural changes

were minimal. The 1.5x improvement we observed falls within their experimentally observed

range of “1.3-1.9” and is possibly significant; however, this same increase was not observed for

our reciprocating sliding tests. In our study, it is interesting to consider the possible correlation

between slightly increased wear resistance and reduction of defects in the MoS2 crystallites. The

microstructural changes might increase hardness at intermediate dosages, as in ceramics [48], and

influence deformation of the coatings. Perhaps, as has been suggested previously [5], there is an

“optimum” crystallite microstructure or size controlling the wear and endurance of these coatings.
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However, in the case of irradiated IBAD MoS2, nanometer scale, rather than micrometer scale,

structures may control optimum performance. Further experiments are planned to elucidate

mechanical and/or chemical changes (to coatings, worn surfaces, and debris) that are responsible

for the altered wear resistance and replenishment processes.

CONCLUSIONS

Ion irradiation of dense, oriented IBAD MoS2 coatings produced a microstructure with

basal oriented crystalline domains of MoS2 in an amorphous matrix. At the highest dose the

coatings were nearly amorphous and contained MoS2 crystallites without preferential basal

orientation. Ion irradiation of the IBAD MoS2 coatings did not significantly alter the friction

coefficient and endurance for better or worse, except at the highest dose, where endurance

decreased markedly. The decrease in endurance was associated with two significant changes in

tribological behavior: 1) accelerated wear of the coating and 2) elimination of solid lubricant

reservoirs. A possible explanation for these behaviors is that the reoriented (non-basal) MoS2

crystallites generated at the highest dose were more readily transferred from the coating and more

adherent to ball surfaces. Destruction of the solid lubricant replenishment process resulted in

premature failure of the coating irradiated at the highest dosage.
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FIGURES

Figure 1. 360 keV Ar+ implantation profiles of MoS2 coated Si at the four doses indicated.
Computations assumed atomic densities of 4.8 g/cm3 for MoS2 and 2.3 g/cm3 for Si and pre-
irradiation coating thickness of 185 nm. Final thickness (shown) includes sputtering loss.

Figure 2. Schematic diagram of reciprocating sliding ‘stripe’ tests. Arrow marked “start” indicates
test starting location, turnaround points are indicated by open circles, and sliding cycles for
the track segments are numbered.

Figure 3. (a) XRD and (b) Raman spectra from IBAD MoS2 coatings, as-deposited and ion
irradiated with 180 keV Ar++ ions.

Figure 4. Cross-section TEM images from IBAD MoS2 coatings (a) as-deposited, and after
irradiation with 180 keV Ar++ ions to (b) 1x1015 ions/ cm2 (LD) and (c) 5x1016 ions/ cm2

(UHD). Fringes running left to right correspond to MoS2 basal planes (S-Mo-S).

Figure 5. Unidirectional (POD) and reciprocating sliding endurance for as-deposited and ion
irradiated IBAD MoS2 coatings.

Figure 6. Friction coefficient evolution for reciprocating sliding in dry air against (a) as-deposited,
(b) 1x1016 ions/ cm2 (HD) and (c) 5x1016 ions/ cm2 (UHD) MoS2 coatings.

Figure 7. Wear track depths measured by interference microscopy for as-deposited and ion
irradiated IBAD MoS2 coatings. Data points with arrows indicate failure.

Figure 8. Optical micrographs of ball transfer films after 90 cycles of reciprocating sliding for (a)
as-deposited, (b) 1x1016 ions/cm2 (HD) and (c) 5x1016 ions/ cm2 (UHD) MoS2 coatings.

Figure 9. Wear tracks on flats corresponding to ball transfer films shown in Fig. 8 at 90 cycles and
at 900 cycles.

Figure 10. Debris deposited at wear track ends at 30, 300 and 3000 sliding cycles for (a) as-
deposited, (b) 1x1016 ions/ cm2 (HD) and (c) 5x1016 ions/ cm2 (UHD) MoS2 coatings.
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Figure 1. 360 keV Ar+ ion implantation profiles 
of MoS2 coated Si at the four doses indicated. 
Computations assumed atomic densities of 4.8 g/cm3 
for MoS2 and 2.3 g/cm3 for Si and pre-irradiation 
coating thickness of 185 nm. Final thickness (shown) 
includes sputtering loss.
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Figure 2. Schematic of reciprocating sliding ‘stripe’ testing
procedure. Arrow marked “start” indicates test starting
location, turnaround points are indicated by open circles,
and sliding cycles for the track segments are numbered.
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Fig. 3. (a) Raman and (b) XRD spectra of MoS2 coatings,
as deposited and ion irradiated with 180 keV Ar++ ions.
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Fig. 4. Cross-section TEM images from IBAD MoS2 
coatings (a) as-deposited, and after irradiation with 180 keV Ar++

ions to (b) 1x1015 ions/cm2 (LD) and (c) 5x1016 ions/cm2 (UHD).
Fringes running left to right correspond to MoS2 basal planes (S-Mo-S). 
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Figure 5. Unidirectional (POD) and reciprocating sliding endurance
 for as-deposited and ion-irradiated IBAD MoS2 coatings.
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Fig. 6. Friction coefficient
evolution for reciprocating 
sliding in dry air against
(a) as-deposited,  
(b) 1x1016 ions/cm2 (HD) and 
(c) 5x1016 ions/cm2 (UHD)
MoS2 coatings.
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Figure 7. Wear track depths measured by interference
microscopy for as-deposited and ion-irradiated IBAD 
MoS2 coatings. Data points with arrows indicate failure.

1 10 100 1000 10000
0

50

100

150

200

250
 As-deposited MoS 2

 1 x 1 016  ions/cm 2  (HD)

 5 x 1 016  ions/cm 2  (UHD)

W
ea

r T
ra

ck
 D

ep
th

 (n
m

)

Sliding Cycles



Wahl et al., 1999

Fig. 8. Optical micrographs of  ball transfer films after 90 cycles
of reciprocating sliding for (a) as-deposited, (b) 1x1016 ions/cm2

(HD) and (c) 5x1016 ions/cm2  (UHD) MoS2 coatings.
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Fig. 9. Wear tracks on flats corresponding to ball transfer films 
shown in Fig. 8 at 90 cycles and 900 cycles.
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UHD MoS2Fig. 10 (c)
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